Introduction
The rapid miniaturization trend of semiconductor devices presumes that the current KrF excimer-laser (248 nm) lithography will have been used until 0.13-pm technology node in conjunction with various optical extension technologies.
ArF excimer-laser (193 nm) lithography is expected to be the major fabrication technology that will succeed the current KrF excimer-laser lithography. Therefore, from the beginning, ArF excimer-laser lithography will need to be used with strong resolution enhancement, such as a phase-shifting mask. "2~ In order to make good use of strong resolution enhancement, such as the phase-shifting method, positive and negative high-performance ArF resists are indispensable.
Almost all conventional photo resists for KrF excimer-laser lithography utilizing phenolic polymers as the base matrix cannot be applied to ArF excimer-laser lithography because of their extremely strong absorbance at 193 nm caused by the phenolic moiety. It is necessary to reduce the number of carboxylic groups in the exposed region in order to avoid the micro-swelling distortion of fine patterns.
In the previous papers,19'20~ we reported on ArF negative resists utilizing acid-catalyzed intramolecular esterification.
We developed alicyclic polymers with y hydroxy acid structure (Scheme 1). Because the acid-catalyzed intramolecular esterification of 1-hydroxy acid into 1-lactone proceeded in the exposed region, the aqueous-base developer could not penetrate there. However, the transparency and shelf life of the polymer were limited because of the complex addition cyclization process of the polymer preparation and the low stability of 7 hydroxy acid structure in the resist solution.
In this paper, we describe a novel negative resist system utilizing acid-catalyzed intramolecular esterification of b-hydroxy acid. In order to improve the transparency and shelf life, we design an acrylate polymer having pendant structure of androsterone derivative with & hydroxy acid 1 (Scheme 2).
It is well known that a steroid structure, such as androsterone, shows high transparency and high dry-etching durability.5'22-24) Several papers have already reported on the use of the steroid structure for ArF resist materials.5,8,24-26) The &-hydroxy acid structure is known to be more stable than the y hydroxy acid structure.27~ We also discuss the basic properties and lithographic performance of the negative resist system utilizing this novel polymer. 2.2. Synthesis of 3-~i-acryloyloxy-androsterone traps-Androsterone was reacted with 1.1 eq. acryloyl chloride and 1.leq. pyridine in tetrahydrofuran (THE) at room temperature for 6 h. The reaction precipitate was removed by filtration, and ethyl acetate was added to the filtrate and washed with water. The organic layer was dried over anhydride sodium sulfate. After removal of the sodium sulfate, the solution was concentrated. 3-~3-acryloyloxy-androsterone 2 (Scheme 3) was recrystallized from ethanollTHF mixed solvent with a yield of ca. 67%.
As previously reported,24~ this esterification reaction is not affected by the steric hindrance of the 3-n-structure. Therefore, a relatively high yield was attained. 
Polymer preparation
Polymers were synthesized as shown in scheme 3. 3-f3-acryloyloxy-androsterone 2 was polymerized in THE at 70°C for 6 h under nitrogen atmosphere using 3 mol% of V-601 or AIBN. After polymerization, poly(3-~3-acryloyloxyandrosterone) 3 was obtained by the precipitation in n-hexane. The yield of polymerization was ca. 80-90%.
Oxidation of polymer 3 was carried out according to the literature.28~ Polymer 3 was dissolved in the mixed solvent of the acetic acid and hydrogen peroxide water. Then 10 mol% of p-toluenesulfonic acid was added, and the reaction mixture was heated at 50°C for 6 h. The reaction mixture was concentrated and poured into water. Polymer 4 thus precipitated, which has b-lactone structure, and it was then filtered and dried under reduced pressure. The yield of oxidation was ca. 95%.
Hydrolysis of polymer 4 was done in THE with 0.2 N aqueous sodium hydroxide for 0.5 h. After the reaction, dilute aqueous hydrochloric acid was added until weak acidity was shown. After the extraction with ethyl acetate, the extract was washed with water and dried over anhydrous sodium sulfate. After removal of the sodium sulfate, the solution was concentrated. Finally, polymer 1 which has S-hydroxy acid structure was obtained by the precipitation in n-hexane. The yield of hydrolysis was ca. 85-90%.
Characterization
The structure of polymers were determined by infrared spectroscopy (Perkin-Elmer FT-IR 1720X) as well as ' H and 13C NMR spectroscopy (Varian Mercury 200 MHz) in THE-d8. The molecular weight and the molecular weight distribution of the polymers were measured by gelpermeation chromatography (GPC) with a Hitachi L-6000 liquid-chromatography system calibrated with polystyrene standards in THF.
The system was equipped with Gelpack A150, 140, and 120 GPC columns (Hitachi Chemical Co.).
Resist films were obtained by spin-coating onto silicon substrates from a solution in propyleneglycol methylether (PGME). The resist films were baked on a hot plate at 100°C. The thickness of the films was measured with an Alphastep 200 (Tenor Instruments) profilometer. The absorbance of the polymer films at 193 nm was measured by a VUV spectrophotometer (Action Research Co. VTMS-502B).
Deep UV exposures were made by using a XeHg lamp through an interference filter with a maximum transmittance at 250 nm. Lithographic evaluations were made with an ArF excimer-laser stepper (ISI Microstep, 0.60 NA) with a Levensontype phase-shifting mask.
The etching rates of the polymers were measured under CHF3 gas conditions by using a parallel-plate-type RIE system (Plasma-Thermo PK1441).
The etching conditions were a gas pressure of 10 mTorr, a flow rate of CHF3 35 sccm, and an acceleration power of 150 W.
Scheme 3. Synthesis of acrylate polymer having androsterone derivative with b-hydroxy acid.
3. Results and Discussion 3.1. Characterization of the polymers having androsterone derivative Table 1 shows the molecular weight of polymer 1. The molecular weight of polymer 1 ranged from 2,800 to 4,900. The molecular weight of la using V-601 as an initiator was found to be slightly larger than that of lb using AIBN. Figure 1 shows the 13C NMR spectra of the polymers. The peak a at 218.1 ppm is assigned to the carbonyl carbon a of ketone in polymer 3. And the peak h at 174.5 ppm is assigned to the carbonyl carbon of the ester structure adjacent to the polymer main chain. After the oxdation, the peak a at 218.1 ppm completely disappears in polymer 4. And the new peak f at 169.6 ppm, assigned to the carbonyl carbon f of &lactone, appears. This suggests that all ketone changed into the lactone by the oxidation reaction. According the literature,29~ it is more preferable to insert the oxygen atom next to the quaternary carbon rather than the secondary carbon in this oxdation reaction. Therefore, polymer 4 contains a single structure of the b-lactone shown in Fig. 1 .
After the hydrolysis, a new peak g at 175.5 ppm appears, which is assigned to the carbonyl carbon of carboxylic acid in polymer 1. Since the peak f at 169.6 ppm still remains, polymer 1 contains both &hydroxy acid and b-lactone.
Although there is one small peak which has not been assigned at 172.3 ppm, the 13C NMR spectra of polymers at the carbonyl region are quite simple. Therefore, we could synthesize well-defined novel acrylate polymer having androsterone derivative with &hydroxy acid. To determine the content of &hydroxy acid and b-lactone, 'H NMR spectrum was used. We found that the chemical shift of the methyl protons of the androsterone derivative was different (Scheme 4). From the ratio of methyl proton j (C113-C-OH) at 1.01 ppm or methyl proton k (CH3-C-O-CO-) at 1.26 ppm to methyl proton i at 0.82 ppm, polymer 1 was estimated to contain 75% of &hydroxy acid and 25% of S-lactone.
Absorption of the polymers at 193 nm
The absorption of the polymer films at 193 nm is listed in Table 1 . The absorption spectrum of the polymer la film is shown in Fig. 2 . These polymer films show the small absorption of 0.21-0.29 µm1 at 193 nm. In particular, the absorption of polymer la polymerized by V-601 is found to be smaller than lb polymerized by AIBN. Polymer lb contains cyano (-CN) groups as a fragment of the initiator in the polymer terminal which causes higher absorption at 193 nm. Since the absorption at 193 nm was quite small, this acrylate polymer is quite suitable for the base twlvmar of ArP av~imar-hear racictc 3.3 
. Stability of the polymers with &hydroxy acid
The stability of the polymer in resist solution was examined.
Polymer la was stored in the PGME solution at different temperatures.
The dissolution rate of the films of the polymer as function of the days stored is shown in Fig. 3 And the dissolution rate of alicyclic polyme: having y hydroxy acid (Scheme 1) previously reported is also plotted. The rate of the polyme: decreases drastically when it is stored at 20°C This seems to be due to intramolecula: esterification reaction of y hydroxy acid to y lactone in the solution.
In contrast, the dissolution rate of polymer la was hardly changec when it is stored at a lower temperature. A expected, polymer la containing b-hydroxy acic was much more stable than the polymer containing y hydroxy acid in the solution.
One of the reasons for this stability is due to the difference o the methylene length of the hydroxy acid structure Since the hydroxy group of &hydroxy acid ii polymer 1 is tertiary alcohol, this might also affec the stability of this b-hydroxy acid. days Fig. 3 . Stability of polymer la in the PGME solution. *) Reference: alicyclic polymer with y hydroxy acid structure shown in Scheme 1.
Dry-etching durability of the polymers having androsterone derivative
The dry-etching durability of polymers was examined under the CHF3 gas plasma. Figure 4 shows the relative etching rates of the polymers to the novolak resin.
Relative etching rates of polyhydroxystyrene (PHS) and polymethylmethacrylate (PMMA) were 1.04 and 2.33, respectively.
The etching rate of polymer la was found to have a relatively good value of 1.31. This high dry-etching resistance is due to the androsterone derivative of polymer la.
Reactivity of the polymers with &hydroxy acid
Using polymer 1 and TPS (1 wt%), we prepared a two-component resist system.
The exposure characteristic curve of the resists are shown in Fig.  5 . Resist films were exposed by 250 nm deep-UV light and developed in a 0.048% aqueous TMAH developer.
These polymers functioned well as negative resists with high sensitivity and high contrast in combination with a photo-acid generator. Although the &hydroxy acid structure in these polymers was stable in the PGME solution itself, it exhibits high sensitivity to the acidcatalyzed insolubilization reaction.
The resist using polymer la shows higher sensitivity than the resist using lb. The cyano groups remains in the polymer terminal as a fragment of the initiator in lb. As previously reported,30' the cyano group worked as a base and lowered the sensitivity of the resist.
Acid-catalyzed reaction mechanisms
The acid-catalyzed reaction of polymer la was investigated using 13C NMR spectroscopy and infrared spectroscopy. Figure 6 shows the 13C NMR spectra of polymer la in THE-d8. After adding the methanesulfonic acid (0.lwt%), the peak at 175.5 ppm assigned to carbonyl carbon g of the carboxylic acid disappears. The intensity of the peak at 169.6 ppm, which is assigned to carbonyl carbon f of the &lactone, increases and no other new peaks appear in the carbonyl carbon region. Therefore &hydroxy acid is found to become only b-lactone structure by the intramolecular esterification.
Any other reaction, like intermolecular esterification, does not seem to occur in the solution. Figure 7 shows the infrared spectra of resist film (polymer la/TPS =100/1(wt ratio)) coated on sodium chloride substrates before exposure and after exposure and PEB. Figure 8 shows their difference spectra. After exposure and PEB, the absorption at 3100-3600 cm', which was due to the carboxylic acid and hydroxyl groups, decreased remarkably. The absorption at 1704 cm', which was due to the carboxylic acid, also became smaller. In contrast, the absorption at 1740 cm', which was due to the ester structure of S-lactone, distinctly increased. Therefore, the acidcatalyzed reaction in the resist film is attributed to the esterification of b-hydroxy acid to &lactone, as expected. 
Lithographic Performance
The polymer la/TPS = 10011 (wt ratio) resist was evaluated by an ArF excimer-laser stepper (0.6 NA, 0.3 6) with a phase-shifting mask. Resist films were spun to a 0.36-µm thickness on a Si substrate. (process condition: prebake at 100°C for 2 min. PEB at 120°C for 2 min. and development in 0.048% aqueous TMAH for 20 sec.) As shown in Fig. 10 , 0.11-.tm line-and-space patterns were obtained with a dose of 36 mllcm2. The pattern shape was good, and the roughness was very small. Although the 0.10-µm line-and-space patterns collapsed, the micro-swelling distortion was not observed.
In this resist system, the number of carboxyl groups decrease drastically in the exposed area because of acid-catalyzed intramolecular esterification reaction of b-hydroxy acid to blactone. As a result, the micro-swelling distortion of patterns could be avoided.
Moreover, this polymer having androsterone derivative moiety with b-hydroxy acid was transparent and had welldefined structure, therefore, a resolution capability around 100 nm could be attained.
Conclusion
We designed and synthesized acrylate polymers having androsterone derivative structure with bhydroxy acid.
Since these polymers have welldefined structure, absorption of the polymer film at 193 nm was very small at 0.21 µm1. These polymers exhibited good dry-etching resistance due to the androsterone derivative structure. The polymer with the &.hydroxy acid structure was much more stable in the solution than the previously investigated polymer with the hydroxy acid structure.
13C NMR spectroscopy and infrared spectroscopy investigations confirmed the acid-catalyzed intramolecular esterification reaction of b-hydroxy acid to b-lactone occurred in the exposed area of the polymer-based negative resist.
A negative resist system containing this polymer and a photo-acid generator achieved 0.11-µm line-and-space patterns by using an ArF excimer-laser stepper with a phase-shifting mask. 
